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doi:10.1
1070Objective: The purpose of this study was to examine whether different techniques used for antegrade cerebral
perfusion could account for variation in the perfusion adequacy of the brain and spinal cord.
Methods: Selected vessels were ligated in 30 rats, recreating a selection of approaches used in aortic arch
surgery for patients undergoing circulatory arrest with antegrade cerebral perfusion. Filling of spinal and cere-
bral vessels was mapped after cannulation and perfusion with E20, gelatin/India ink, or buffered saline/India ink.
Three clinical approaches were replicated: unilateral perfusion, bilateral perfusion, and bilateral perfusion with
additional left subclavian artery perfusion. Filling of the spinal arteries via the common carotid arteries or the
subclavian arteries alone was examined. Penetration of the marker was analyzed histologically.
Results: The control experiments achieved maximal arterial filling of both brain and spinal cord at gross and
microscopic levels. Unilateral and bilateral antegrade cerebral perfusion provided comprehensive arterial filling
of all cerebral vessels with all vascular markers. In contrast, only bilateral antegrade cerebral perfusion provided
complete spinal cord perfusion with all markers. Unilateral antegrade cerebral perfusion with a viscous marker
resulted in significantly reduced spinal cord arterial filling. Examination of the relative importance of either both
common carotid arteries alone or both subclavian arteries alone, in terms of their adequacy of subsequent arterial
filling of the spinal cord, showed severe impairment of spinal cord perfusion with either technique. Thus perfu-
sion of both common carotid arteries resulted in only the proximal 30% of the spinal cord arteries being filled,
whereas perfusion of both subclavian arteries resulted in only the proximal 40% of the spinal cord arteries being
filled.
Conclusions: Approaches to antegrade cerebral perfusion using the brachiocephalic and left common carotid ar-
teries together gave good perfusion of both the brain and the spinal cord. Brachiocephalic perfusion alone gave
good cerebral perfusion but showed some significant limitation in spinal cord perfusion with one vascular marker.
Complete spinal cord perfusion with all markers under conditions of antegrade cerebral perfusion required some
contribution from both the carotid system and the subclavian system together. Selected perfusion of either system
alone was very inadequate for spinal cord perfusion. (J Thorac Cardiovasc Surg 2011;141:1070-6)Antegrade cerebral perfusion (ACP) is a widely used
method of cerebral protection performed during surgical re-
pair of the aortic arch under conditions of hypothermia and
visceral circulatory arrest.1,2 The blood supply to the brain
and spinal cord during circulatory arrest is maintained with
ACP via cannulation and perfusion of selected arteries
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The Journal of Thoracic and Cardiovascular Surprotection are in clinical use, including metabolic
suppression with anesthetic agents, ACP, hypothermic
circulatory arrest, and retrograde cerebral perfusion.3 All
have been directed at reducing operative mortality for aortic
arch surgery and reducing the perioperative incidence of
temporary and permanent neurologic deficits.
One of the devastating potential deficits is paraplegia,
which results from spinal cord ischemia. The incidence of
paraplegia under conditions of circulatory arrest and hypo-
thermia is most often studied in surgery of the thoracic and
thoracoabdominal aorta, where a rate of 2.7% has been
described.4
Although ACP is a widely established technique, vessel
selection for cannulation and perfusion varies in clinical
practice.3,5-9 Two ACP approaches are commonly used:
unilateral ACP, performed with arterial cannulation of the
brachiocephalic artery or some of its branches, and bilateral
ACP, performed by cannulating both the brachiocephalic and
left common carotid arteries.6,7,10,11 An adjunct to the latter
is cannulation and perfusion of the left subclavian artery.3gery c April 2011
Abbreviation and Acronym
ACP ¼ antegrade cerebral perfusion
Al-Ali et al Evolving Technology/Basic ScienceNeurologic deficits associated with each of these methods
vary, but some clinical reports suggest that bilateral ACP is
better than unilateral ACP with lower associated hospital
mortality.12 A recent review comparing unilateral and bilat-
eral perfusion found that rates of neurologic deficit for both
were below 5%.9 However, the period of safe operative
timeallowedwithbilateral perfusionwas significantly longer.
Unilateral ACP permitted cerebral protection from 30 to
50minuteswith an acceptably low rate of cerebrovascular ac-
cidents,whereas bilateralACPpermitted 86 to164minutes of
cerebral protection with a similar low rate of cerebrovascular
accidents.9
The purpose of this study was to examine whether differ-
ent techniques used for ACP could account for variation in
susceptibility to neurologic deficits. We used a rat model to
study perfusion adequacy in the brain and spinal cord, rec-
reating a selection of approaches used in aortic arch surgery
for patients undergoing circulatory arrest with ACP. Filling
of spinal and cerebral vessels was mapped after cannulation
and perfusion in 3 approaches to ACP: (1) unilateral perfu-
sion, (2) bilateral perfusion, and (3) bilateral perfusion with
additional left subclavian artery perfusion.
Blood flow to the spinal cord through the internal carotid
and vertebral circulations was also studied by cannulation
and perfusion of the common carotid arteries and subcla-
vian arteries separately. The filling of spinal cord arteries
and their penetrating branches was mapped by cross-
sectional histologic examination by which we studied
which vessels, when selectively cannulated, achieved the
greatest extent of filling in these arteries.
Previous studies have reported close similarities between
the rat and human spinal cord vasculature.13,14 Therefore,
the rat is well suited as an experimental model for
investigating the vascular supply to the spinal arteries.E
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This study was approved by the Animal Ethics Committee, University
of Auckland, and strictly followed animal welfare guidelines (AEC/09/
2005/T412).
General Procedures
The vasculature of the rat spinal cord was investigated by perfusion of
specific vessels with vascular markers, either colloidal carbon 50% (India
ink, Pebeo) mixed with buffered saline or gelatin 2% to 5%,15 or an epoxy
resin mixture (E20; Biodur Products, Heidelberg, Germany). For the E20
marker a ratio of 100:45:10 of E20:E2 methyl ethyl ketone mixture was
used. The markers were delivered into the vessels by 2 different techniques.
The colloidal carbon/salinemixturewas delivered by a hydrostatic pressure
system (at a height of 1 m), whereas the colloidal carbon/gelatin mixture
and epoxy resin markers were manually delivered with a syringe (Table 1).The Journal of Thoracic and CarThirty Wistar rats weighing 300 to 600 g were used. Anesthesia was
established via intraperitoneal injection of 4% chloral hydrate (1 mL per
100 g body weight), along with injections of heparin (anticoagulant) and
1% sodium nitrite (vasodilator). Once the rats were anesthetized, the ab-
dominal cavity was opened with a midline incision, the thoracic cavity
opened with bilateral midaxillary incisions, the diaphragm incised, and
the anterior thoracic wall was reflected superiorly. A plastic cannula (outer
diameter of 2 mm) was inserted through the left ventricle and secured in the
ascending aorta. Blood was washed from the vascular system by perfusing
saline via this cannula. Then fixation was carried out by perfusion using
a gravity-feed system with 4% buffered formalin solution. An incision in
the right atrium enabled drainage. The time between the death of the rats
(opening of the thoracic cavity) and the initiation of tissue fixation was
less than 2 minutes. A standardized procedure was adopted to ensure that
the tissue did not become edematous. Different vessels in the head and
neck vasculature were then occluded with silk ligatures, while perfusion
was performed with the vascular markers described earlier, to study the
effect on brain and spinal cord perfusion.
Vascular supply was depicted by injecting either colloidal carbon or E20
via the cannula inserted through the left ventricle, with the core tempera-
ture of the rats at 20C. No other injection site was used.
The gelatin-based vascularmarkerswere allowed to harden before dissec-
tion by maintaining the rats at 4C for 2 days. Craniotomy and laminectomy
were then performed to expose the brain and spinal cord in situ. The brain and
spinal cordwere photographed and then carefully removed en bloc. Filling of
spinal vessels was examined and recorded with high-resolution digital
photographyusing aNikon12.1MPD2Xscamera (Nikon, Inc,Tokyo, Japan)
and with a stereomicroscope (Leica MZ16) equipped with a Leica DFC290
digital camera (Leica, Solms, Germany). The length of the spinal cord
from the brainstem to the conus medullaris was measured. The length of fill-
ing in the anterior and posterior spinal arteries was also measured and then
converted into a percentage of the total length of the cord. For microscopic
anatomy study, the cord was then sectioned horizontally at 3 levels (cervical,
thoracic, and lumbar) and stainedwithmethyl green stain to evaluate the pen-
etration of the marker into the white and gray matter of the spinal cord.Selection of Arteries for Occlusion and Perfusion
In this study 3 to 5 rats were allocated to each of groups I to V. These
numbers were chosen to account for any perfusion failures, which is not un-
common in rat experiments. Furthermore, there are few anatomic varia-
tions in the vasculature of rats, unlike humans.
Five rats served as controls (group I). In these rats, no vessels were
occluded. Rats were perfused with either gelatin/India ink, saline/India
ink, or E20 (Figure 1, A).
Theclinical scenarioof unilateralACPwas replicated in 5 ratsbyoccluding
the left common carotid and left subclavian arteries at their origins and the
descending aorta just distal to the origin of the left subclavian artery (group
II). In this group, the vascularmarker was directed into the brachiocephalic ar-
tery. Either gelatin/India ink or saline/India ink was used (Figure 1, B).
In 12 rats the clinical scenario of bilateral ACP was replicated by oc-
cluding the left subclavian artery at its origin and the descending aorta
just distal to the origin of the left subclavian artery (group III). The vascular
marker was directed into the brachiocephalic and left common carotid ar-
teries. Either gelatin/India ink or saline/India ink was used (Figure 1, C). A
total of 12 rats were used in this group as we attempted to optimize our per-
fusion methodology; therefore, more rats were used in this group.
Bilateral ACP with additional left subclavian artery perfusion was
replicated in 3 rats by occluding the descending aorta just distal to the or-
igin of the left subclavian artery (group IV). The gelatin/India ink marker
was directed into the brachiocephalic, left common carotid, and left subcla-
vian arteries (Figure 1, D). Perfusion with the saline/India ink marker was
not performed.
In group V, blood flow to the spinal cord alone via the internal carotid
circulation was studied in 4 rats. In these rats, both subclavian arteriesdiovascular Surgery c Volume 141, Number 4 1071
TABLE 1. Vascular markers used and the average extent of spinal arterial filling
Vascular
marker
Group I
(control)
Group II
(unilateral ACP)
Group III
(bilateral ACP)
Group IV
(bilateral ACPþLSA)
Group V
(CCA only)
Group VI
(SCA only)
E20 100% —* 50% —* —* —*
Gelatin/India ink 100% 55% 100% 100% 30% 40%
Saline/India ink 100% 100% 100% —* —* —*
ACP, Antegrade cerebral perfusion; LSA, left subclavian artery; CCA, common carotid arteries; SCA, subclavian arteries. *Experiment was not performed.
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distal to the origin of the left subclavian artery. The gelatin/India ink
marker was directed into only the common carotid arteries (Figure 1, E).
Perfusion with the saline/India ink marker was not performed.
In the last group (group VI), blood flow to the spinal cord via the verte-
bral circulation alone was studied in 1 rat by perfusing both subclavian
arteries after both common carotid arteries were occluded at their origins.
The descending aorta was also occluded just distal to the origin of the left
subclavian artery. The gelatin/India ink marker was directed into both sub-
clavian arteries alone (Figure 1, F). Only 1 rat was used in this group inas-
much as the experimental setup had no clinical relevance.Wewanted to see
the territorial supply of the subclavian arteries to the spinal cord from an
anatomic basis only. Perfusion with the saline/India ink marker was not
performed.FIGURE 1. Position of ligatures and vessels perfused. Position of ligatures i
Bilateral cerebral perfusion. D, Bilateral cerebral perfusion with additional left
clavian artery perfusion. RSc, Right subclavian artery; RCC, right common car
1072 The Journal of Thoracic and Cardiovascular SurRESULTS
Perfusion with colloidal carbon was more effective in de-
picting perfusion of the spinal vessels than E20 (Figure 2).
Furthermore, colloidal carbon was easier to handle and left
less contamination. As a result, colloidal carbon was our
preferred choice of vascular marker.
In the control rats (group I), all vessels on the brain
surface and spinal cord were filled completely using the col-
loidal carbon vascular marker mixed with either gelatin or
saline (Figures 1, A, and 2).
In group II, where unilateral ACP was replicated via the
brachiocephalic artery, the proximal 60% of the anteriorndicated by white boxes. A, Control. B, Unilateral cerebral perfusion. C,
subclavian artery perfusion. E, Common carotid artery perfusion. F, Sub-
otid artery; LCC, left common carotid artery; LSc, left subclavian artery.
gery c April 2011
FIGURE 2. Group I: Control experiments showing the arterial filling in
the brain and spinal cord. Top figures show perfusion using the E20 vascu-
lar marker. Botton figures show perfusion using the gelatin/India ink vas-
cular marker.
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arteries were filled using the gelatin/India ink marker,
whereas 100% filling of all vessels occurred in the rats per-
fused with saline/India ink (Figures 1, B, and 3). DespiteThe Journal of Thoracic and Carproximal occlusion, both the left common carotid and left
subclavian arteries filled in a retrograde direction. All
cerebral, cerebellar, and vessels along the brainstem were
filled. Distal to the aortic occlusion there was no
downstream filling of the aorta or any of its major branches.
In group III, where bilateral ACP was replicated by in-
jecting the brachiocephalic and left common carotid ar-
teries, both the anterior and posterior spinal arteries filled
completely along the length of the cord, down to the conus
medullaris, using both colloidal carbon vascular markers
(gelatin or saline) (Figure 1, C, and 4). All cerebral,
cerebellar, and vessels along the brainstem were filled.
The left subclavian artery filled in a retrograde direction
despite the vessel being occluded at its origin. Distal to
the aortic occlusion there was no downstream filling of
the aorta or any of its major branches. Cross-sectional anat-
omy revealed that the penetration within the spinal cord was
complete (Figure 5).
In group IV, where bilateral ACP was achieved in a simi-
lar fashion to group III but with the addition of perfusing the
left subclavian artery, the anterior and posterior spinal ar-
teries filled completely along the length of the cord using
the gelatin/India ink marker (Figure 1,D). All cerebral, cer-
ebellar, and vessels along the brainstem were filled.
Group Vexamined spinal cord perfusion alone with ACP
via the common carotid arteries with occlusion of both left
and right subclavian arteries. The gelatin/India ink marker
flowed readily into the carotid system and then filled the
vertebrobasilar system in a retrograde direction (Figure 1,
E). Both subclavian arteries also filled in a retrograde fash-
ion. Only the proximal 30% of the anterior and posterior
spinal arteries were shown to be filled with the vascular
marker (Figure 6, A). All cerebral, cerebellar, and vessels
along the brainstem were filled. Distal to the aortic occlu-
sion there was no downstream filling of the aorta or any
of its major branches.
In group VI, perfusion was via the subclavian arteries
alone with occlusion of both common carotid arteries, and
spinal blood flow distribution was examined specifically
(Figure 1, F). Both vertebral arteries filled and then per-
fused the cerebral and cerebellar vessels and the carotid ves-
sels in a retrograde fashion. Only the proximal 40% of the
anterior and posterior spinal arteries were shown to be filled
with the vascular marker (Figure 6, B). In contrast to all
other rat groups, filling of the cerebral and cerebellar vessels
in group VI was poor and not to any meaningful extent.
Only perfusion using the gelatin/India ink marker was per-
formed. Perfusion using the saline/India ink marker was not
undertaken in this group.
DISCUSSION
Our study examined the effectiveness of different ap-
proaches to ACP in maintaining blood flow to the brain
and spinal cord. With respect to the brain, our study showsdiovascular Surgery c Volume 141, Number 4 1073
FIGURE 3. Group II: Replication of unilateral ACP. A, Perfusion using the gelatin/India ink marker. B, Perfusion using the saline/India ink marker.
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eral ACP provides good cerebral and cerebellar perfusion
under the experimental conditions used. With respect to
the spinal cord, our study shows that with a less viscous
marker (saline-based) full spinal cord perfusion was possi-
ble with unilateral or bilateral ACP. However, with a more
viscous marker (gelatin-based) spinal cord perfusion was
markedly reduced with unilateral ACP, whereas with bilat-
eral ACP full spinal cord perfusion was evident. This sug-
gests that in clinical contexts of any limitation of
perfusion (whether by viscosity of blood at hypothermic
state, or by pathology such as atheroma or dissected vessel)
bilateral ACP may offer a safety advantage over unilateral
ACP for spinal cord perfusion.
This may help to explain some of the findings of
Malvindi, Scrascia, and Vitale9 in their meta-analysis of
17 studies when they concluded that both unilateral and
bilateral techniques were acceptable but suggested that
if the selective ACP time is expected to be greater than
40 to 50 minutes, then bilateral ACP was the safest
technique.
How the spinal cord is perfused under these conditions of
circulatory arrest with ACP is not fully understood. Al-
though bilateral ACP may be the preferred technique on
a theoretical basis for maintaining cerebral and spinal per-
fusion during hypothermic circulatory arrest, unilateral can-
nulation is still performed for some surgical procedures.
Although the incidence of neurologic deficits after surgery
is low with both techniques, complications that include
paraplegia and paraparesis are devastating.9
To examine the impact of different approaches to ACP on
spinal perfusion, we used a rat model because of its similarityFIGURE 4. Group III: Replication of bilateral ACP. A, Ventral view of brain
lower spinal cord shown in Figure 4, A.
1074 The Journal of Thoracic and Cardiovascular Surto human spinal vasculature.13,14 We found that the most
effective perfusion of the spinal cord was achieved by
perfusing both the brachiocephalic and left common carotid
arteries with or without additional left subclavian artery
perfusion. This situation represents bilateral cerebral
perfusion, which is the most widely used technique for
maintaining cerebral perfusion. With bilateral ACP, the
entire length of the anterior and posterior spinal arteries
and the penetrating arteries of the spinal neuropil filled well
with both colloidal carbon vascular markers. Unilateral
ACP established via cannulation of the brachiocephalic
artery alone was less effective, with the anterior and
posterior spinal arteries filling only to the level of the lower
thoracic vertebrae with the gelatin/India ink marker.
Our study also examined the relative importance of bilat-
eral common carotid artery perfusion alone compared with
bilateral subclavian artery perfusion alone in providing spi-
nal cord blood supply. Using the more viscous marker, we
showed that there are significant limitations in spinal cord
blood flow if only both the common carotid arteries are
used or if the subclavian arteries alone are injected. In our
study, direct perfusion of the common carotid arteries alone
resulted in perfusion of only the proximal 30% of the spinal
cord by way of retrograde flow through the vertebrobasilar
system, with extensive cerebral and cerebellar perfusion.
On the other hand, perfusion of the subclavian arteries alone
resulted in greater spinal cord perfusion (up to 40%) at the
prohibitive cost of near complete absence of perfusion to
the cerebral cortex and cerebellum. Thus ACP with contri-
bution from the common carotid arteries and at least one of
the subclavian arteries provides much better perfusion both
to the spinal cord and to the brain.and spinal cord showing maximal filling. B, A higher magnification of the
gery c April 2011
FIGURE 5. Horizontal section of the thoracic spinal cord stained with
methyl green showing filling of the microvasculature in the gray and white
matter with colloidal carbon. CC, Central spinal canal; DH, dorsal horn;
VH, ventral horn; SpA, branch of the spinal artery on the surface of the cord.
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adjunct to bilateral ACP, depending on the surgeon’s prefer-
ence.16,17 In rats in which the left subclavian artery was
perfused as an adjunct to bilateral ACP (group IV),
complete filling of the spinal arteries was also achieved,
with no compromise to cerebral or cerebellar supply.
When bilateral ACP was performed using the gelatin/India
ink marker without injecting the left subclavian artery
directly (group III), the left subclavian artery and its distal
branches were still filled by retrograde flow through the
left vertebral artery, and complete distribution of perfusate
was seen in the spinal cord. Our results, therefore, suggest
that cannulation of the left subclavian artery may be
redundant in the surgical context with one important
caveat, namely, that in situations of vascular compromise,
it may be valuable to perfuse the left subclavian artery.
Vascular compromise could include occlusion of the right
vertebral artery, a dominant left vertebral artery, carotid
artery disease, or inadequate intracranial arterial
communication.3,7FIGURE 6. A, Group V: Perfusion of common carotid arteries alone with gela
Good cerebral filling. B, Group VI: Perfusion of both subclavian arteries alone w
filled. Poor cerebral filling.
The Journal of Thoracic and CarClinical studies vary in their clinical recommendations.
Some claim that unilateral ACP can be as effective as bilat-
eral cerebral ACP for maintaining perfusion to the brain in
some clinical situations.9 Unilateral cerebral perfusion is
often used clinically in patients undergoing hemiarch re-
placement for acute type A aortic dissection.7 Immer and
associates18 found that unilateral antegrade perfusion al-
lowed better early survival than bilateral perfusion and
caused less postoperative permanent neurologic deficit.
The difference between the clinical findings of unilateral
cerebral perfusion and our study may be due to differences
in the perfusion technique that were used as well as ana-
tomic differences between the rat and the human clinical
scenario, which includes pathologic conditions such as ath-
eroma or vessel dissection on occasion.
Although our use of a rat model has limitations, such
a study would be impossible in humans. There are a number
of limitations and differences. Our vascular perfusion tech-
nique also differs from the clinical situation in which antico-
agulated blood is infused continuously into the vasculature,
with visceral circulatory arrestmaintained at specific temper-
atures. Anticoagulation probably enables greater filling of
vessels than what could be achieved with the technique
used in this study. Furthermore, in the rats that were studied,
anastomoses between branches of the internal thoracic artery
and the posterior intercostal arteries were severed to expose
the thoracic cavity. Filling of the descending aorta through
this routewas therefore prevented.Under surgical conditions,
arterial supply to the descending aorta is likely to be assisted
by these vessels. This systemmay facilitate perfusion of seg-
mental medullary and radicular arteries that arise from seg-
mental branches of the aorta, aiding the supply of the spinal
arteries distally.13,19,20 Finally, we used the degree of vessel
filling as a proxy measure for the extent of spinal cord
tissue penetration. The degree of spinal cord tissue
perfusion was only assessed by histologic examination at 3
levels: midcervical, midthoracic, and midlumbar; thus
entire perfusion could not be ascertained unless serial
sections were performed.
Many textbooks stress the importance of watershed areas
and major areas of spinal artery perfusion reinforcement, intin/India ink marker. Only proximal 30% of spinal cord arteries are filled.
ith gelatin/India ink marker. Only proximal 40% of spinal cord arteries are
diovascular Surgery c Volume 141, Number 4 1075
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region. The implication is that a ‘‘top down’’ approach
that uses only the avenues generated by ACP would create
risk to the spinal cord neurones, particularly the distal seg-
ments. Our study found this not to be the case, inasmuch
as extensive perfusion of the spinal cord neuropil was dem-
onstrated by histologic study at all levels of the cord using
bilateral ACP with all the markers we used, and with unilat-
eral ACP using a less viscous marker (saline/India ink). Sup-
ply of the spinal nutrient arteries has long been thought to
arise from 3 longitudinal spinal arteries, but this study and
several others have demonstrated that a collateral network
of vessels is responsible for the supply of the spinal cord.
Inputs into this network include not only the segmental ves-
sels such as the artery of Adamkiewicz, but also the subcla-
vian arteries and its branches.21 This study found that
sufficient perfusion of the input vessels proximally was
enough to ensure supply to the spinal cord neurons distally
without the need for segmental vessel perfusion.
In conclusion, we have shown, at least in rats, that brain
perfusion is preserved with both unilateral ACP (brachioce-
phalic artery) and bilateral ACP (brachiocephalic artery and
left common carotid artery, with or without left subclavian
artery). However, with different approaches to ACP, there is
variation in anatomically defined perfusion of the spinal
cord under conditions that simulate circulatory arrest and
ACP. For spinal cord perfusion under simulated circulatory
arrest, ACP techniques that use the brachiocephalic artery
alone, the common carotid arteries alone, or the subclavian
arteries alone are less effective than techniques that use both
the brachiocephalic and the left common carotid arteries to-
gether. In situations in which there are known limitations to
perfusion of the brachiocephalic or the left common carotid
artery or the circle of Willis, additional perfusion of the left
subclavian artery may be beneficial. Alternatively, deeper
and more protective hypothermia may be indicated.
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